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With the extensive use of naturally occurring and synthetic mineral fibers, there is need for a method of assaying the fibers for potentially harmful biologic activity. While it is acknowledged that animal testing must be used as a component of the testing procedure, preliminary in vitro procedures may serve to identify fibers with high potential for harmful biologic activity. An objective of this paper is to supply certain basic information toward the development of such an in vitro technique. In vitro methods also are of value in elucidating the mechanisms of fiber toxicity.
It is now generally accepted that both form and chemical reactivity need to be considered in assessing the overall toxicity of a fibrous material (1) . In the past, most research concentrated on the effects of fiber morphology, and the importance of fiber form and dimension is now fully acknowledged. The limited investigations in the area of chemical reactivity have generally dealt with surface chemistry studies on isometric dusts, such as silica (1) (2) (3) or carbons (1) . Surface modification of amosite asbestos by hydrocarbon chains altered its pathogenic properties (4) , further suggesting a role for surface chemistry in the biologic response to minerals.
One of the responses associated with phagocytosis of fibrous minerals by macrophages is the increased generation of reactive oxygen metabolites (ROMs). The association of ROMs with asbestos-related toxicity has been supported by studies of a number of research groups in recent years (5, 6) . Furthermore, the addition of antioxidants markedly reduces the pathogenetic effect of asbestos fibers (7) . Also, the addition of iron chelators (5, 8) minimized ROM release, indicating the importance of the surface composition of the fiber.
There are several methods reported to measure the oxidative burst during phagocytosis. In studies based on the chemiluminescent response of luminol (9, 10) as a measure of ROM, the data suggest that there is no difference in ROM production between pathogenic and nonpathogenic dusts. However, in this method, the measured effect arises from interaction of the particle with the outer surface of the cytoplasmic membrane. Assays to measure superoxide ion generation by cytochrome c reduction also measure extracellular oxygen species and have elicited different responses from different fibers, in contrast to those reported in the luminol study (11) .
We wish to develop methodologies in which the molecular message-which is transmitted from the fiber surface to the cell-can be more precisely examined. To do this, it is necessary to determine if the ROM generated within a cell upon phagocytosis varies depending on the surface of the fiber. This requires intracellular measurements, ideally, on a single cell basis. Information on a single cell basis can be obtained by flow cytometric methods, but such methods are limited in that the ROM level is recorded at only one point in time, thus precluding repeated measurements on the same cell. Likewise, the intracellular localization of the ROM generation cannot be recorded because the measurement is limited to a single whole-cell measurement.
We have recently reported a laser fluorescence imaging technique that makes possible the examination of the development of ROM in single macrophage (NR8383) cells upon phagocytosis of naturally occurring Articles -Imaging oxidative metabolites from macrophages erionite fibers (12. This technique has been employed by previous researchers for quantitative fluorescence measurements including, among others, the measurement of exogenous peroxide within cells (13) and the measurement of intracellular glutathione levels (14) . Moreover, measurement of ROM within neurons (15) and determinations of cellular DNA using propidium iodide (16) were also performed using a variation of the technique described here.
Although several chemical dyes have been suggested as markers of oxidative metabolism, perhaps the most thoroughly studied is the dye 2',7'-dichlorodihydrofluorescein diacetate (H2DCF-DA) (17) (18) (19) .
The reduced ester is essentially nonpolar and crosses the cell membrane. Once inside, the esters are hydrolyzed by (nonspecific) cellular esterases. The resulting diol is more polar and thus better retained by the cell membrane. For our experiments, this ester deavage is reasonable because Helmke and co-workers (20, 21) reported that the NR8383 cell line (the cell line used in our study) exhibits high nonspecific esterase activity. The diol is oxidized by ROM to the fluorescent form (DCF) and is detected by excitation at a wavelength of 488 nm [oxidation of the diol occurs readily, but reaction with superoxide is dubious (19) ]. Work with H2DCF-DA showed significant loss in intracellular levels after 1 hr, a finding similar to that reported by Royall and Ischiropoulos (22) . Thus, the carboxylated form, 5-(and 6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate (C-H2DCF-DA) was used for these studies. The carboxyl substituent makes the marker more polar. As a result of the increased polarity, the C-H2DCF-DA is retained longer, as compared to H2DCF-DA, but requires increased concentrations and longer incubations during loading.
In this paper, we extend our study of macrophage (NR8383)-erionite fiber interaction using laser fluorescence imaging. Our focus continues to be on natural erionite fibers because of their well-demonstrated toxicity (12) . We investigate the evolution of ROM generation in individual cells at timed intervals following cell-particle contact and show significant cell-to-cell variability. We used electron microscopy to examine the ultrastructural cellular features after interaction with erionite and also to provide information about the variability of cellular response.
Materials and Methods
Cell. The cells used were from a rat lung alveolar macrophage cell line (NR8383). (12) . The erionite sample, being of natural origin, had the expected variability in size and shape ranging from colloidal size to fibers 10-15 pm in length. To obtain a narrower size distribution, the following steps were developed. Initially, the sample was equilibrated in a balanced salt solution. It was then swirled, vortexed 5 min, sonicated, and allowed to sertle 5 min. The volume was 10 ml and the diameter of the glass container was 2 cm. The aliquot removed for study was collected from the upper one-third of the suspension in order to exclude the larger partides (which would be too large for effective phagocytosis). Aliquots of the cell-fiber mixtures were examined by light microscopy to assure appropriate proportions.
The Zymosan A sample (heat killed yeast particles) was obtained from Sigma Chemical Company, St. Louis, Missouri.
Establishment of cell-fiber contact of dye-loaded cels. The study was designed so that multiple cells were exposed to multiple particles. Cells (-200 ,000/ml) were washed by centrifiugation, supernatant was removed, and cells were resuspended in ACAS buffer [formulation described by Hogg et al. (12) ]. The cells were allowed to equilibrate with buffer during 30 mn incubation at 370C in 5% CO2. Equilibrated cells were then exposed to C-H2DCF-DA (final concentration, 60 pM) and incubated at 37°C in 5% CO2 for 40 min. The cells were then removed from incubation and immediately chilled in an ice-water bath at 40C to induce metabolic inactivity. ACAS buffer (1 ml; control) or fiber suspension (1 ml) in buffer (-1.4 x 106 partides/ml by hemocytometer count) was then added to the chilled cells; cells were then vortexed briefly and centrifuged (-600 rpm for 5 min) at this same (40C) temperature to promote contact of the fibers with the cell surface. The supernatant containing debris and excess dye was removed and discarded. The pelleted cells (including cells with adherent fibers) were immediately resuspended in chilled ACAS buffer. This cell-fiber mixture was then taken to the fluorescence spectrometer, transferred to a warmed Lab-Tek chambered coverglass (NUNC, Inc., Naperville, IL), and rapidly warmed to 37%C in a temperature-controlled chamber on the microscope.
ACAS 570 interactive laser cytometer. For the detection and quantitation of ROM, we used an ACAS 570 Interactive Laser Cytometer (Meridian Instruments, Okemos, MI). The ACAS 570 used an accousto-optically modulated Ar-ion laser tuned to 488 nm to excite the fluorescence in the cells. Emission at wavelengths >515 nm was filtered and detected with a photomultiplier tube. The microscope optics used for focusing the laser were coupled to a video camera, which allowed for real-time visualization of the sample volume. The confocal microscope enabled fluorescence imaging to be collected from thin (0.8 pm) sections of the cell in as rapidly as 1 min per slice, depending on the size of the image. The advantages of confocal microscopy in studying phagocytic systems has been previously discussed in the literature (23) . Sample chambers were clipped to the piezoelectrically driven stage; 0.1 pm-step coordinates of stage positions were recorded by the ACAS 570 and allowed the user to easily return to a specific slide position (such as a previously viewed cell).
Procedure for electron microscopy. The cells (aliquots) were fixed in 3% glutaraldehyde. Following overnight fixation, the cells were rinsed with cacodylate (0.1 M) using two 15-min rinses and placed in osmium tetraoxide for 1 hr. Cells were then dehydrated (using alcohols progressively from 50% to 100%) for 30 time interval of 24 hr) were used. At the end of these time intervals, the cells (aliquots) were fixed in 3% glutaraldehyde. They were then processed as described in Materials and Methods and examined to evaluate their ultrastructural integrity.
Mean cellular fluorescence at timed intervals subsequent to the cell-fiber contact. To study the temporal relationship of total cell fluorescence (ROM generation) following the cell-fiber contact (using the time the cell-fiber preparations were warmed from 4°C to 37°C to restore cell metabolic activity), cells were pre-loaded with C-H2DCF-DA [see Hogg et al. (12)]. The softwaregenerated position coordinates for representative cells were noted, and fluorescence scans were then repeated periodically on the same cells to eliminate the variability that would be inevitable if different cells were used in the timed studies.
Results
Oxidative burst following erionitel macrophage contact using the cytochrome c assay. Table 1 demonstrates extracellular oxidative metabolism. The data represent the reduction of cytochrome c after a 1-hr incubation period. The control group received no particulates (1 ml buffer), whereas the other spectra are from 12 million partides (suspended in a 1-ml aliquot). Both the zymosan-and the erionite-stimulated cells forced an increase in absorption at the 549-nm peak for ferrocytochrome c equivalent to 3.2 nmol reduced cytochrome. The use of zymosan established the oxidative burst ability of the cells.
Particle size distribution andphagocytosis. The adherence of the test partides to the target cell upon centrifugation was examined by light microscopy (Fig. 1) . The process of engulfment could be observed usually within a few minutes at 37°C. With this natural fiber source, there was a marked range in particle lengths, with sizes from colloidal to about 10-15 pm in length.
Intracellular localization offluorescence associated with C-H2DCF-DA oxidation indicating ROM generation. As reported in our original description of the technique (12), the fluorescence from the oxidized dye indicates the intracellular generation of ROM. Figure 2 illustrates DCF fluorescence from one erionite-exposed cell ( Fig. 2A, B ) and one control cell (Fig. 2C, D) . Each pic- The erionite-exposed cell was imaged at 24 and 56 min (Fig 2A and Fig. 2B , respectively) after removal from the ice bath and warming. The representative control cell (no erionite exposure) shows fluorescence levels established at 22 and 57 min ( Fig. 2C and Fig 2D, respectively) . Clearly, the fiberexposed cell illustrates stronger fluorescence at the 20-25 min mark when compared to the control. Sharply delineated fluorescence characteristically evolves within fiber-exposed cells during the period up to 90 min following the cell-fiber contact. Typically, the nucleus remains free of fluorescence. This fluorescence-free area (determined by imaging) correlates well with the location of the cell nucleus, as shown in real time on the simultaneously projected optical-microscope image associated with the ACAS. There are often multiple smaller foci of fluorescence within the cell; it is not possible to identify these foci from the image, but their size and distribution are compatible with structures such as mitochondria or peroxisomes. In addition, there are generally spherical foci of fluorescence. These are often intensely fluorescent (indicating ROM generation) and in sharp contrast to less fluorescent adjacent areas of the cell. These cannot be identified from the simultaneously projected image, and whether these may represent phagosomal areas could not be determined.
Cellular fluorescence of erioniteexposed cells compared to control cells. Regardless of the identity of organelles associated with fluorescence, from the initial inspection of scans it appears that there is an overall elevation of cellular fluorescence in the erionite-exposed cells compared to controls. This is evident from Figure 3 in which three summed confocal slices of cellular fluorescence for each cell (both the erionite-exposed and control cells) are plotted in relation to time.
The first 10 min was required for the cells and particles to settle and become adhered to the glass floor of the chambered coverglass and to have their coordinates determined. During this time, the temperature in the chamber was raised from 40C to 37°C, thus restoring the normal metabolic activity. Once started (at 10-20 min), the scans and imaging continued intermittendy until approximately 90 min had elapsed.
Inspection of the graph shows marked variability of the fiber-exposed cells and lesser variability of the control cells. It also shows the erionite-exposed cells to be higher in fluorescence than controls during much of the period, especially in the early stages. For the 20-40 min period, the erionite-exposed cells had a mean cellular fluorescence more than three times that of controls. During the 40-60 min period, the erionite-exposed cells had a mean cellular fluorescence still more than twice that of controls. Only during the 60-80 min period did the mean erionite cellular fluorescence decline to a level relatively indistinguishable compared to controls.
Maintenance of cell viability following ingestion of erionite fibers. PI is widely accepted as a DNA/RNA marker. Upon intercalation within DNA, fluorescence intensity increases and the emission maxi-35,000 30, 000 25,000 0 0r 0 mum shifts from 639 to 615 nm (25) . However, healthy cell membranes remain impervious to PI, and it may therefore be used as a marker for the weakened membranes characteristic of moribund cells. Recent viability assays using propidium iodide have marked dead sperm cells (26) and human natural killer cells (22) .
In our studies, Tween-20 was used to make cells permeable to PI. The addition of the detergent caused increased nuclear fluorescence within 5 min. Such fluorescence served as a benchmark for comparison of dead and living cells. Erionite-exposed cells, prepared with PI as described above, showed no increase in PI fluorescence during the 80 min tested. The few erioniteexposed cells that showed any increase were dead at the start of fluorescence imaging and would have been excluded from ROM studies based on poor morphology. Dead or apparently dying cells were excluded from assays based on crenated, blebbed, or otherwise atypical membrane appearance.
Erionite fibers and particles were routinely observed to be within cells by optical microscopy, indicating completeness of phagocytosis. To examine the particle intake at higher resolution, samples were examined by electron microscopy at 20, 40, 60, and 90 min after fiber-cell contact.
After a 20 min period following the contact of the fiber with metabolically active cells (and warming the chamber to 37'C to restore metabolic activity), the fibers were characteristically found to be intracellular and within lysosomes (Fig. 4, 5) . Sometimes the volume of the erionite-containing lysosome (Fig. 6 ) increased in size, due to what appeared to be fluid (based on its electron lucent, homogeneous, fine ultrastructure, and in having a space-occupying location around the fibers). The lysosomal membrane ranged from appearing to be completely intact morpho- The arrow points to a particle apparently within a lysosome.
logically (Fig. 5) to having obvious interruption in its continuity (Fig. 6) . Frequently, multiple colloidal-size particles were seen within individual lysosomes (Fig. 7) , which sometimes nearly coalesced. Aside from these lysosomal-associated changes, no specific morphologic change was noted in any other membranes or organelles during the time frame (90 min) used in the study.
Discussion
Cell line NR8383, with its well-characterized ability to generate an oxidative burst (20, 21) (11) , who also used cytochrome c with macrophages exposed to erionite. Experiments with PI and the ultrastructural studies indicate that the cells remain viable after prolonged contact with the erionite preparation as well as the handling procedures in the assay. The cells remained impervious to PI after 80 min. Thus, the observed oxidation of the dye arises from the oxidative burst and/or metabolic processes and not from cell death and associated activity.
The circumscribed foci of the fluorescence cannot at this time be distinctly related to specific organelle changes, as seen by ultrastructurally evaluated aliquots of macrophages with ingested erionite particles and viewed at corresponding time intervals. The mechanism by which the reduction of oxygen occurs in the formation of ROM has been studied in neutrophils and has been summarized by Bender and Chickering (28) ; oxygen is reduced to the superoxide radical by an oxidase, which is dependent on a reduced pyridine nucleotide (NADH or NADPH) (28). NAD(P)H-dependent oxidase has been shown to be an ectoenzyme associated with the plasma membrane (28) . Upon appropriate stimulation, the neutrophil produces large amounts of superoxide and hydrogen peroxide on the anticytoplasmic face of the plasma membrane (29) .
Because the phagocytic vesides are invaginations of this membrane, the reactive intermediates are released inside the phagosome (30) . Whether the foci of fluorescence seen in the macrophages in our study have a similar relationship to phagocytized partides is not known at this time.
Likewise, it is not known whether structural interruptions of lysosomal membranes (Fig. 6 ) enable the extension of ROM generation to occur beyond the margins of the phagosomes or whether the membranes may have increased permeability (even though ultrastructurally intact in appearance). Allison et al. (31) studied the uptake of silica by lung macrophages. The particles of silica were initially found within phagosomes. The uptake of silica apparently rendered the membrane of the lysosomes unstable, and hydrolytic enzymes were ultimately released into the cell with injury resulting. The silica particles were also released during the process; the particles were then reengulfed, which led to necrosis. The process leading to necrosis is thought to be due to a chemical reaction between the silica and components of the lysosomal membrane. It is possible that a similar phenomenon may be associated with the phagocytized erionite partides.
The rise in mean cellular fluorescence of erionite-exposed cells was evident as an early event. Within 35 min after exposure to erionite, the mean cellular fluorescence was more than three times that of controls. The reason for the higher variability of fluorescence in erionite-exposed cells may be related to variation in size and number of erionite partides in the cells. Some (9) indicate that the burst could be occuring during the first 5-10 min. In addition, many of our higher fluorescent values were detected during our first opportunity of observing the oxidative burst at 10-15 min after contact with fibers. Thus, it is likely that we might be missing the early part of the burst. The decline in fluorescence signal for erionite-exposed cells is consistent with previous observations. For example, a study based on luminol fluorescence reported that the signal decreased after reaching a maximum at 10 min (10) .
There are several possible reasons for the gradual dedine in fluorescence in this study.
The cessation of the oxidative burst should leave behind a steady state concentration of oxidized dye. However, it has been noted by Royall and Ischiropolous (22) that increased Volume 105, Number 7, July 1997 * Environmental Health Perspectivesmembrane permeability allows oxidized dye to diffuse out from the cell. Another possibility is intracellular acidification, which quenches the dye fluorescence (15) . The creation of a highly acid environment within the vacuole is thought to play a supporting role in the microbicidal activity of the phagocyte (33) . The pH would however have to drop below 5 to significantly influence the DCF fluorescence (18) .
The reason for the gradual rise in fluorescence of the controls could be from mitochondria-induced generation of ROM. Reynolds and Hastings (15) also noted an increase in fluorescence in control neuron cells and proposed that it could be due to laser-light activated oxidation of the dye.
The evidence presented here suggests that the increased fluorescence indicates where in the cell ROM generation is occurring. This method, therefore, provides the opportunity for intracellular study of the pathophysiologic changes associated with cellular exposure to mineral fibers.
To further refine the study, it will be necessary to bring about uniformity of the fiber-cell exposure. 
